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I. Experimental Progress 

A. Lithium Drif ted S i l i con  Semiconductor Detectors:  

1. 

2 .  

3 .  

Fif ty .  d i f f e r e n t  de tec tors  have been incorporated i n t o  t h i s  
study. They represent  a family o f  var ious  s ized  devices 
ranging i n  s i z e  from 1 x 1 x 1 mm t o  5 x 5 x 130 mm. Long 
de tec to r s ,  i . e . ,  having proton path lengths  i n  s i l i c o n  o f  
1 0 ,  20 ,  30 ,  50 ,  70, 1 0 0 ,  130 and 150 mm a r e  being used t o  
t o t a l l y  absorb high energy 2rotons.  Shorter  path lengths  
a r e  used t o  measure stopping power (dE/pdx) i n  s i l i c o n .  

Southern Methodist University now has t h e  c a p a b i l i t y  of 
f a b r i c a t i n g  Lithium-drifted de t ec to r s  of any des i red  
shape. New techniques of f a b r i c a t i o n ,  mounting and encap- 
s u l a t i o n  are being developed. 

A paper e n t i t l e d ,  "Preparation of Lithium Drif ted Sol id  
S t a t e  Detectors' ' by Bobby D. Snow was presented a t  t h e  
Sixty-eighth annual meeting ol' t h e  Texas Academy of 
Science,  December, 1964.  AosLrac t  i n  Appendix C.  

B. Stopping Power Measurements 

1. Data has been taken using protons having energies  of 5 ,  6 ,  
8 ,  1 0 ,  11, 1 2 ,  1 3 ,  14,  15, 1 6 ,  36, 37, 40,  and 187  MeV. 
Absorbers were used i n  dupl icate  s e t s  o f  t h r e e  d i f f e r e n t  
thicknesses  permit t ing measurements on s i x  d i f f e r e n t  ab- 
sorbers  with each of t w o  o r  more de t ec to r s .  

a .  Metals: A2, Cu, S i ,  C .  
b. P l a s t i c s :  Nylon, p l ex ig l a s s ,  polyethylene.  
c .  Tissue: Bone, muscle, f a t .  

2 .  A paper e n t i t l e d ,  "Stopping Power Measurements of A;?. , Cu., 
and S i .  Using 3 6 . 1  Mev Protons" by Daniel C .  Nipper was 
presenieli aL tlie Slxty-~lghth CEE-XCL z : e e t h m  0 nf +he Tex3.s 
Academy of Science,  December, 1964 .  Abstract  i n  Appendix C .  

3 .  Appendix B is  a descr ip t ion  of t he  da t a  ana lys i s  procedure. 

C. Charge-pulse response o f  s i l i c o n  de tec tors  

1. The charge-pulse response of many o f  t he  de t ec to r s  have 
been measured f o r  t he  proton energPes l i s t e d  i n  B a s  a 
func t ion  of proton energy, proton path l.ength i n  s i l i c o n  
and operat ing conditions of t he  de tec tor .  The average 
energy required t o  produce an ion-electron p a i r  has been 
obtained from both t h e  stopping power measurements i n  
s i l i c o n  and from the  protons t o t a l l y  absorbed i n  s i l i c o n .  
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These da ta  are required t o  t r a n s l a t e  t h e  cur ren t  f r o m  each 
dc-Lector produced by a known r a d i a t i o n  f l u x  densi ty  and 
s to red  i n  a ca l ib ra t ed  condenser i n t o  doses,  i . e . ,  t h e  
t o t a l  energy absorbed per  u n i t  mass of s i l i c o n . ,  

2 .  A paper e n t i t l e d  , "Experimental Cal ibrat io ' l  o f  Lithium 
Drif ted S i l i con  Detectors a s  a Function of Proton Energy 
and Proton Path Length i n  t h e  Detector," by George W .  
Crawford has  been accepted f o r  presenta t ion  a t  t he  September 
1965 'meeting of  t he  American Physical Society.  
i n  Appendix C .  

Abstract  

D. Detector Life-time Behavior Studies:  

The deple t ion  depth,  volume, no ise  l e v e l ,  charge pulse  pe r  
MeV, dark cur ren t  and capacitance a r e  being measured f o r  each 
de tec tor  used i n  the  study. The complete age-usage h i s t o r y  
thus  obtained over the  two-year period w i l l  be used t o  (a) 
p r e d i c t  t he  usable  l i f e  o f  a de t ec to r  and (b) t o  pin-point and 
p r e d i c t  l o s s  o f ' r e l i a b i l i t y  o f  da t a  produced by the  de t ec to r .  

E. F i e ld  Trips:  

1. To t h e  Universi ty  of Texas, Austin,  Texas: 

Dates: October 10-11, 1964. Accelerator  time: 36 hours.  

Dates: December 28-29, 1964. Accelerator  time: 36 hours. 
Proton Energies 5-14 MeV. 

Proton Energies 8-16 MeV. 

2 .  Oak Ridge National Laboraroyips, Oak Ridge, Tennessee 
Dates: November 21-29 ,  1364, Accelerator time: 80 h'ours. 

Proton Energies : 36-40 MeV. 

3. Universi ty  o f  Uppsala, Uppsala, Sweden 
Dates: October 23-November 8 ,  1964, Accelerator time: 

1 0 0  hours,  Proton Energy: 187  MeV. 

4. Universi ty  of Southern Ca l i fo rn ia ,  Los Angeles, Ca l i fo rn ia  
Dates: May 1 8 - 2 2 ,  1965 ,  Accelerator  time: 1 8  hours.  

Proton Energies 16-27 XEV. 
* 

F. NASA Par t ic ipa t ion :  

Members o f  t he  NASA, Manned Space Center,  Space Radiation and 
F ie lds  Branch pa r t i c ipa t ed  i n  t h e  research  e f f o r t  a t  both the  
Universi ty  o f  Uppsala and a t  Oak Ridge National Laboratory. 
A t  each f a c i l i t y  addi t iona l  research  of s p e c i a l  i n t e r e s t  t o  
t h i s  Branch were accomplished. Thsse -included exposure of 
nuc lear  t r a c k  p l a t e  emulsions and c a l i b r a t i o n  of var ious  dosi-  
meters. The acce le ra to r  t i m e  made ava i l ab le  t o  NASA a t  no 
charge ranged from 1 6  t o  24 hours a t  each f a c i l i t y .  
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Ii. Theozet ical  Progress 

A .  

B. 

C. 

n. 

Linear Stopping Power Calculat ions:  

A program f o r  ca l cu la t ing  l i n e a r  s topping power, dE/pdx; 
I 

based on the  Bethe-Block ecypt ion 

including s h e l l  correction: has been completed , t e s t e d  

z *\ rr/ :Jw 2$2- e I - - - -= P@j p,*%-.r - I 

I -  \ C.-'= 
lo As A 

and used-on t h e  SMU, CDC 3400 computer t o  c a l c u l a t e  t he  
c o r r e c t  th icknesses  f o r  the  pure absorbers ,  A.2, Cu, S i ,  
and C.  The mean ioniza t ion  p o t e n t i a l ,  I ,  has  been evalu- 
a ted  experimentally f o r  each element. 

Monte C a r l o  Stopping Power Calculat ions:  

1. The l i n e a r  stopping power program has  been incorporated 
i n t o  a Monte C a r l o  t r anspor t  program which permits  
Coulomb i n t e r a c t i o n  with both t h e  o r b i t a l  e l ec t rons  and 
the  nuc le i .  
stopping power measurement and the  energy s t r agg le  
measured experimentally.  A d e s c r i p t i o n  of  the  program 
is given' i n  Appendix A. 

This program has  been used t o  v e r i f y  t h e  

2. A paper e n t i t l e d ,  ''Liaeni. and Monte Carlo Calcu la t ions  
o f  Stopping Powe-r and Enc2gy S t raggle"  by George W .  
Crawford w a s  presented a t  t he  S ix ty-e ighth  annual 
meeting of t he  Texas Academy of Science.  December, 
1964 .  Abstract  i n  Appendix C. 

Determination of 2, A and I f o r  complex absorbers .  

The above programs a re  being used t o  determine e f f e c t i v e  
Z ,  A ,  and I va lues  f o r  water ,  bone, meat and f a t  based on 
the  experimental  stopping power measurements. The end 
r e s u l t  w i l l  be a program by which dose,  i . e . ,  the  t o t a l  
energy absorbed per  un i t  mass of t he  absorbing ma te r i a l ,  
can be ca l cu la t ed  a s  a func t ion  o f  f l u x  dens i ty ,  type and 
energy o f  t he  ion iz ing  r a d i a t i o n .  

Calcu la t ion  o f  Ef fec t ive  2, A ,  and I .  

1. The e f f e c t i v e  values of Z ,  A ,  and I f o r  each of four  
* 

p l a s t i c s  s tud ied  are being used t o  obtaina.n;athematical  
model f o r  ca l cu la t ing  these  qua-n t i t i es  where the  chemi- 
ca1,composition and r e l a t i v e  abundance of a he te ro-  
geneous ma te r i a l  i s  known. 

2. A paper e n t i t l e d ,  "Preliminary Report o f  t he  Experi- 
mental Determination of Ief E . ,  Z e f f . ,  and Aefs .  i n  t h e  
Bethe-Block Stopping Power qua-cion-for Four l a s t i c s , "  
by James R .  Cummins, Jr. was presented a t  t h e  S ix ty-  
e igh th  annual meeting of t h e  Texas Academy of Science.  
December 1964.  Abstract  i n  Appendix C. 
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Appendix B 

The ex t r ac t ion  of information f r o m  proton stopping experiments. 

I. In t roduct ion  

The objec t  o f  t h e  experinen;A :;-tudy i s  t o  a s ses s  values  

of parameters i n  the  Bethe-Block formula t h a t  descr ibes  t h e  average 

r a t e  o f  energy loss suf fered  by a charged p a r t i c i e  along t h e  pa th  

of migration i n  mat ter  i n  in t e rac t ions  with atomic e l ec t rons .  

where 13 is  t h e  dens i ty  of t h e  medium ( in  g/c1n3), A i s  t h e  atomic 

weight, 2 t h e  atomic number, M ((2) and N (9 )  a r e  func t ions  o f  

th'e ve loc i ty  y = ? c  , I is  the  mean ion iza t ion  p o t e n t i a l ,  C ($) 

i s  t h e  " s h e l l  correct ion",  and s is t h e  dens i ty  co r rec t ion  (which 

is  neg l ig ib l e  a t  energies  considered here) .  

The philosophy o f  t h e  method t h a t  i s  developed :or t h e  

ex t r ac t ion  o f  information from the  experiments i s  t h e  following: 

We use  the  Bethe-Block formula and "reproduce" t h e o r e t i c a l l y  t h e  

experimental condi t ions as accurately a s  poss ib le .  We Then *apply 

c r i t e r i a ,  based on a comparison between experimental and t h e o r e t i -  

c a l  r e s u l t s  t o  determine t h e  optimum values  of t h e  f i t t i n g  para- 

meters (I and C ( 6 ) )  and t h e i r  accuracy, depending on t h e  experi-  

mental unce r t a in t i e s .  
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re\ 
A t h i n  and we l l  coll imated proton beam i s  incide- on a 

sample of t he  mater ia l  under inves t iga t ion .  The l a t e r a l  extension 

o f  t h e  sample is  l a r g e  a s  compared t o  the  width o f  t h e  proton beam 

a t  every po in t  i n  t h e  sample. The sample th ickness ,  x ,  is known 

t o  within an accuracy AX. 

The energy spread o f  the inc ident  proton beam w i l l ,  a t  

p re sen t ,  be considered small  enough f o r  t h e  outcome of t h e  experi-  

ment t o  be unaffected by it. 

ment of t he  beam energy w i l l ,  however, be taken i n t o  account. 

The unce r t a in ty ,AEo . ,  i n  t h e  assess-  

The i d e a l  method f o r  ex t r ac t ing  t h e  measured information 

should include the  de t ec to r  i n  the " theo re t i ca l  reproduction" and 

a c t u a l l y  p r e d i c t  t h e  output of the  de tec tor .  

of development, our method s tops one s t e p  shor t  of such an idea l  

A t  t h e  present  s tage  

treatment.  

ment t h a t  measures t h e  energy d i s t r i b u t i o n  of t h e  proton number 

(current)  dens i ty  averaged over t h e  e x i t  sur face  o f  t h e  sample. 

Ths fact zhhzt the  detector-sample dis tance  is l a r g e  is  bel ieved 

t o  j u s t i f y  t h i s  assumption; 

We make t h e  assumption t h a t  t h e  de t ec to r  i s  an in s t ru -  

I 

The t h e o r e t i c a l  treatment of t h e  proton t r a n s p o r t  process 

i s  based on a Monte Carlo method described i n  refs .  

bu t  f o r  some minor improvements t h a t  w i l l  be reported separa te ly .  

(1) and (2) 
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II. Z r a n e t r i z a t i o n  of the  experimental r e s u l t s .  

The neasurements r e s u l t  i n  pulseheight  d i s t r i b u t i o n s  

recorded by a nul t ichannel  analyzer,  i . e .  t h e  energy d i s t r i b u t i o n s  

are  obtained i n  a histogram form. 

mathematical development t h a t  the experimental r e s u l t s  be con- 

ver ted  i n t o  a more s u i t a b l e ,  a n a l y t i c a l  form. 

It is e s s e n t i a l  f o r  t h e  following 

The following ansatz  is  cons i s t en t  with t b e  physics of 

t h e  problem 

i n  t h a t  it represents  t h e  measured spectrum t o  a f i r s t - o r d e r ,  

gaussian approximation , mult ipl ied by a pe r tu rba t ion  func t ion  i n  

t h e  form of a polynomial, t h e  parameters of which may be de t e r -  

mined from t h e  experimental r e s u l t s .  

t h e  gaussian approximation and is solved from t h e  equation 

Ea is t h e  average energy i n  

- 
(A 43' T/  - L - 7  .= &- c q  e- 

6' 
ds I 

-b- 

where the  expression t o r -  is raken f r o m  i l i r  E e L ~ i ~ - Z l ~ ~ k  f~i-ixlci  

w i t h  be s t  known values  o f  t h e  parameters. The s tzndard devia t ion  

C is  obtained from t h e  approximation formula ( r e f .  3) 
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An a n a l y t i c a l  form which is p re fe rab le  t o  t h a t  o f  eq. (2) 

wi th  regard t o  mathematical convenience and r e w i r e d  numerical 

l a b o r  is t h e  following 
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where 

i s  t h e  Hermute orthogonal polynomial o f  o rder  t p w i t h  normalizat ion 

-c3 
The condi t ion 

w i l l  always e f u l f i l l e l  

L .- 

f o r  such a choice of  func t ion .  

We intend t o  f i t  an expression of  t h e  fo rm o f  eq.(5) t o  

t h e  experimental  histogram by  way of applying a minimm-X2 c r i t e r i o n  

t o  the parameter space { k,J . To i l l u s t r a t e  our no ta t ion  we 
L s 

presen t  f i g .  2 showing a t y p i c a l  experimental  output 
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- - 
L . .  Ad-,- , - -  ;-I - - constant  = AE , ( t h i s  l i n e a r i t y  condi t ion should 

be sc ru t in i zed  i n  the  f u t u r e  f o r  poss ib le  sources o f  unce r t a in ty ) .  

% ( in tegra l )  number of pulses  in  channel no. i ( E ; L E  LEL-,, a, i'" i4-L 

We apply t h e  "modified" minimum-X2 formalism ( re f .  4) 

according t o  which t h e  following expression is minimized t o  produce 

t h e  optimum values  of t h e  br , 

where 

J 

us ing  t h e  p rope r t i e s  of t h e  Hermite polynomials a s  given i n  re f .  5 

where t h e  erf funct ions are also defined. 
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which is a system of  N l i n e a r  equations i n  a 1, a *, . . .ar ... a . n 

We mst pay a t t e n t i o n  t o  t he  case where F i  assumes t h e  

value 0.  I f  t h i s  should happen we simply broaden channel i t o  

include a l s o  the  nea res t  non-zero channel on the  low-F i  s ide  of 

t he  empty channel (as we l l  as  a l l  t h e  empty channels i n  between). 

The so lu t ion  of t h e  system (10) is s t ra ight forward  and 
w 

r e s u l t s  i n  t h e  assessment of $hr(. . 
i J  

We now wish t o  compute t h e  maximum o f  the  func t ion  f (t) . 
D i f f e r e n t i a t i o n  of eq. (5) g ives  

us ing  again the  p r o p e r t i e s  o f  the Hermite polynomials ( r e f s .  5 , 6 ) .  

If t h e  gaussian approximation were c o r r e c t ,  the  maximum of f ( t )  

W U U ~ ~  l i e  ai L-2 L L - L ~ J .  fn-v \ r.1- we irlay --.. LrryrulL -.t-l m;+ +hl+ -A&-- F=n+ r.?hon ...---- ---. c n l t r i n g  

t n e  equat ion 

rw \ 
(7 

f o p  t h a t  one o f  i ts  r o o t s ,  t= v which is  n e a r e s t  t o  t = O .  
t 

We have now obtained a va lue  of t he  mos t  pro3able energ,y 
- 
'GL= as determined by the  de tec tor .  
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f r o m  in se r t ion  i n  eq. (2a).  

I t  is  e s s e n t i a l  t h a t  we determine the  var iance i n  E which 

r e s u l t s  f rom t h e  s t o c h a s t i c  nature  o f  t he  method employed t o  measure 

it. Using s t a t i s t i c a l  theory (ref .  4) we obta in  

P 

where 

9: 
( G) . 

We d i f f e r e n t i a t e  equation (13) wi th  regard t o  Gi- and 

ob ta in  * 

2 . -  
may be solved by d i f f e r e n t i a t i o n  o f  eq. (12) a t  t= s : '., 6 > - 

b CL,- 

3ea r ing  i n  mind t h a t  8 is  a func t ion  o f  a l l  Or. 
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I-iermite polynomials have t h e  property ( r e f .  6) 

and the re fo re  

--.T 
i; 0 
- G  

t h a t  permit exp1ici . t  

so lu t ion  of D (E ) ,  t h e  standard devia t ion  of t h e  p robab i l i t y  
P 

d i s t r i b u t i o n  of Ep. 

A t  p r e sen t ,  we s h a l l  l e t  E alone symbolize t h e  outcome 
P 

of  a spectrum measurement a t  one absorber th ickness .  

The complete spectrum may be w r i t t e n  i n  a Gore convenient 

form by s h i f t i n g  t h e  maximum of f (2) t o  t = O .  T h i s  is accomplished 

by s e t t i n g  E , Z E  
c 

i n  equation (2a) and so lv ing  f o r  a new s e t  o f  
P 

I .  A s  seen from equation (11) t h e  new kr w i l l  have t h e  t".i 
property t h a t  

A! 
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- _ _  - 
&i,. The de tec tor  response function. 

A s  we discussed i n  t h e  in t roduct ion ,  we consider  a t  

p x s e n t ,  t h e  o r i g i n  proton beam t o  have neg l ig ib l e  energy spread 

wieh regard t o  energy v a r i a t i o n s , o f  t he  ma te r i a l  p rope r t i e s  t h a t  

determine t h e  t r anspor t  of protons i n  t h e  medium under considerat ion.  

This assumption is  no t  l i k e l y  t o  be subjec t  t o  much d ispute .  We 

must, however, a l s o  assume t h a t  the response c h a r a c t e r i s t i c s  of 

t h e  de t ec to r  a re  such t h a t  t h e  maximum of  t h e  pulse-height  d i s -  

t r i b u t i o n ,  measured by  t h e  de t ec to r ,  coincides  with t h e  maximum 

of t h e  energy d i s t r i b u t i o n  of protons t ransmi t ted  through t h e  

sample. A s  mentioned i n  t h e  introduct ion,  t h e  l a t e r  a s s u q t i o n  

w i l l  be removed when t h e  de tec tor  w i l l  be opera t fona l iy  inciuded 

i n  t h e  Monte Carlo t r a n s p o r t  ca l cu la t ion ,  used for the " theo re t i -  

c a l  reproduction" of t h e  experiment. 

t h a t  po in t  toward t h e  j u s t i f i c a t i o n  o f  t h i s  assumption OE a qual i -  

t a t i v e  bas i s .  I t  is  poss ib l e ,  however, t o  make an a posee r io r i  t e s t  

We have provided arguments 

of  both assumptions, mentioned, i n  a case where t h e  Bethe-Block 

parameters a r e  a l ready w e l l  es tabl ished.  

Suppose t h a t  we have access t o  a measurement, such a s  

t h e  one shown i n  f i g .  1, but  with t h e  absorber removed. We may - 
pi:oceed $E &I-- ---- ----n- - P  i~ocn-o ihnr l  il? secr-nn -- I [  TO parametrize 

LAAC 3 U l l l F ;  I I I U ~ A ~ L ~  uu -I--- ---- * 
t h e  de t ec to r  output s e t t i n g  Ea e c p a l  t o  t h e  nominal source energy 

Eo and C=CjZequal t o  some reasonable va lue ,  which may be t he ra t ec  

on t o  produce the  most concentrated s e t  o f  
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Foi. L x a s o z z b l y  t h i n  sample it may be assumed t h a t  t he  d e t e c t o r  

res2onse funct ion does not  vary its form f o r  energ ies  varying from 

t h e  source energy t o  t he  lowest energy represented by the  protons 

2rarismitted through the  a t tenuat ing  sample. 

Suppose now, t h a t  w e  have obtained a closed expression 

for t he  t h e o r e t i c a l  spectrum of p ~ o t o n s  escaping through t h e  sam- 

p l e ,  assuming a d i s c r e t e  source mergy 'Eo.  Let us  c a l l  t h i s  d is - -  

t r i b u t i o n  func t ion  g (E). We perform the  fo ld ing  i n t e g r a l  
n 

t o  ob ta in  t h e  pred ic ted  d i s t r i b u t i o n  a s  measured by the  d e t e c t o r  

wi th  the  a t t e n u a t o r  t h i ckness  a t  which the  t h e o r e t i c a l  spectrum 

g (E) was ca lcu la ted .  

-.. 
A comparison o f  t h e  p o s i t i o n  o f  the  maxinclm of  t h e  

determined i n  Sect ion I1 , w i l l  provide a t e s t  of our  assumptions. 

It i s  e s s e n t i a l  t h a t  t he  s t a t i s t i c a l  accurac ies  be considered i n  

We s h a l l  l o o k  i n  more d e t a i l  a t  t h e  so lu t ion  procedures 

The func t ion  g (E1) may be w r i t t e n  

wi th  
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*.~.-'.c Is t h e  maximum of  t he  Monte Carlo ca lcu la t ed  spectrum as 

obtained f r o a  an ana lys i s  such as t h a t  descr ibed i n  Sec t ion  I1 ( c f .  

Sec-cion IV). 

eq. (4).  

coincide with t h a t  of t he  l i m i t i n g  gaussian.  

G is  t h e  same d ispers ion  a s  t h a t  obtained from 

We assuine t h a t  t he  maximum of q.(z')has been made t o  
0 

The func t ion  $.Q&,) 2nd i t s  de r iva t lon  ?TOT, t h e  
b 

source energy response o f  t h e  de tec tor  has  been discussed pre-  

v ious ly  i n  the  present  s ec t ion .  

I n s e r t i o n  o f  (22) , (22a) , (23), (23a) i n t o  (21) l eads ,  

a f t e r  some r e  a r r   an^ ernent., 

c L 

t o  the  e 

-00 Je- \ *  n 

This i n t e g r a l  can be performed exac t ly  a f t e r  another  

rearz-angement and s u b s t i t u t i o n  of t 

the  d i f f e r e n t i a l .  This is s t ra ight forward  a s  t t and t h e  

l a t t e r  expression a re  a l l  l i n e a r l y  dependent ( t h i s  i s  seen by 

e l imina t ion  of E1 between equations (22a) and (23a). 

and t t o  the  expression i n  
1 2 

1' 2 '  
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r 3 . -  &.,e mc.,;:.ecztical labour  of t r e a t i n g  equat ion (24) i n  t he  way j ~ s :  

d e s c i b z i i  has, a t  t h e  present  s tage ,  prevented us from performini: 

t h i s  r igorous t e s 2  a n a l y t i c a l l y .  A p r a c t i c a l  way o f  doing t h e  
1 

same th ing  i n  a poss ib ly  more i l l u s t r a t i v e  but  no t  s o  s t r i n g e n t  

manner i s  the  following: Perform -:he i n t e g r a t i o n  o f  eq. (21) 

numerically on a computer and check t h a t  t he  func t ions  -i " ( E )  a d  
-%. 

f (E) have coinciding maxima. An automatic cu rve -p lo t t e r  i s  very 

u s e f u l  for t h i s .  This  procedure a l s o  provides a means f o r  com- 

par ing  t h e  o v e r a l l  agreement of the  experimental  and t h e o r e t i c a l  

curves i n  the  case where the  parameters of t h e  Bethe-Block equat ion 

a r e  known. 

I V .  Parametr izat ion o f  Monte Carlo resulzs. 

A s  discussed i n  the  pxwious  sec t ion ,  we assilm t h a t  t h e  

t h e p r e t i c a l  c a l c u l a t i o n  (using the Xonte Carlo proceciux o f  r e f s .  

1 and 2) of t he  t r ansmi t t ed  protoc s p e c t r m  is a v a i l a b l e  i n  a 

closed a n a l y t i c a l  form. It remains now t o  determine such an 

expression f r d m  the  histogram output of t h e  Monte Carlo ca l cu la -  
- 

t i o n .  We proceed exac t ly  a s  i n  s e c t i o n  11. The r e l a t i o n  21 ,.-L L* - - .LvJ A 

cons tan t  i s  n o t  gene ra l ly  va l id  In  t h i s  case ,  however, but  t h i s  does 

n o t  a f f e c t  t h e  exact  a p p l i c a b i l i t y  of  t he  de r iva t ion ,  as t h a t  

r e l k t i o n  has  n o t  been u t i l i z e d .  t 

We ob ta in  t h e  expression 
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';!e also compute the  standard dev ia t ion  D(Ev ) exac t ly  
I Ac 

a s  wz ohtained D(E ) i n  s e c t i o n  11. P 

V. &terminat ion o f  parameters in t he  Bethe-Block equation. 

The p r i n c i p l e  t h a t  we want t o  apply when de r iv ing  the  

r e s u l t i n g  optimum values  o f  t he  mean ion iza t ion  p o t e n t i a l  i and 

t h e  s h e l l  co r rec t ion  func t ion  C is the  following: Compare the  

measured and ca l cu la t ed  values  of t h e  most probable energy of 

t ra i ismit ted protons (E and E respec t ive ly)  and form the  

dev i a t  ion 
P MC ' 

We then want t o  use t h i s  quant i ty  t o  determine wha-i-" v L u e s  of our 

l'unicnownlr parameters would have made A E,-O . assun2ag r~ ;\ r, -p 
4 : -  

L L C D  t o  be s m a l l  we would then use tne bes t  a v a i l a b l e  va lues  ~f - 
and t o  obta in  the  necessary adjustments i n  rke known 

parameters.  I is  a cons tan t  but C i s  a functior. OF energy, and 

dr . -  
G* :;3 

C L L  

t h e r e f o x ,  we need measurements a t  many energ ies  t o  determine 

C(E) . 
C were used t o  r e c a l c u l a t e  t h e  d e r l v a , i v e s  arid - 
w e l l  as the  t h e o r e t i c a l  maximum EXC w i l l  l e a d  t o  a f i n a l  de te r -  

mination of  optimum parameter values.  'We s h a l l ,  however, aS 

An i t e r a t i v e  procedure,  i n  which the  new values  o f  I and 
t ,r di. E? c, L 9  

L L  L CLC J as 

already Once before,  stop a t  a lower degree of  s o p h i s t i c a t i o n  

a t  t h e  present  s t age  of development. 
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We may use t h e  ca lcu la t ions  of  Sternbeirner ( r e f .  7) of 

t he  quant i ty  

which is t h e  f r a c t i o n a l  change of R f o r  a given small  f r a c t i o n a l  

change of I .  R is t h e  proton range from t h e  source energy t o  

2 MeV. i n  Sternbeimer's approximation t h e  s h e l l  (and densi ty)  

co r rec t ions  a r e  considered t o  be ,functions of I only. 

We s h a l l  assume i n  t h i s  approximation, t h a t  t h e  protons 

s u f f e r  no angular devia t ions  and t h a t  t h e  simple continuous slowing 

down approximation i s  v a l i d .  We may then use Sternbeimer's  t a b l e s  

of q vs .  E f o r  var ious  mater ia ls .  We s h a l l  d i scuss  the d e t a i l s  

of t h i s  procedure. 

where R o i s  t h e  range from t h e  source mergy  t o  2 MeV. Analogously, 

f o r  t h e  most probable e x i t  energy E We form P'  

* 
not ing  t h a t  Ro -R 

assumed degree of approximation. 

m e r  i c a i  i n t eg ra t ion  

is equal t o  t h e  sample th ickness  x t o  t h e  
P 

Ro and R are obtained by nu- 
P 

L 

Rg 0 

. I  
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&E 
as w i t h  the  "best" values  of I and C i n  t h e  expression f o r  - 

E* &E 
R*-e,= J 

4 

and hence 

The right-hand membrane of eq (34a) i s  composed only o f  known 

func t ions ,  and the re fo re ,  we may solve- a value of A k ' L  by 

i n s e r t i n g  AE, f rom -.'Ls f o r  &Epe 3 
Our ad jus ted  value of L s  is obtained by adding 

a l g e b r a i c a l l y  b L 1  t o  t h e  value of used i n  the  

Monte C a r l o  ca l cu la t ion .  



-17- 

V I .  Resu l t ing  accuracies .  

The standard deviat ions i n  the  experimental and theore- 

t i c a l  determinations of  E (and E ) have been derived i n  sec t ions  

I1 and I V .  The Monte Carlo ca lcu la t ions  should be c a r r i e d  t o  an 
P MC 

accuracy such t h a t  D2 (EmC) << D2(E ) . 
t h e  determination of t h e  peak energy w i l l  be 

The t o t a l  unce r t a in ty  i n  P 

Inse r t ion  o f 3  as dEp i n  9, (34a) g ives  t h e  r e s u l t i n g  uncer- t4c 
t a i n t y  i n  our determination of " L L ,  

We pointed out i n  t h e  in t roduct ion  t h a t  t h e  source 

energy is  known only t o  within a c e r t a i n  accuracy AE,, . The 

parameters under inves t iga t ion  a re  slowly varying funct ions o f  

energy ( I  i s  constant!) so  t h a t  t h i s  inccr ta in ty  should not  be 

important. I f  we assume, however, t h a t  t he  experiment was, indeed, 

performed a t  t h e  exact source energy Eo we should e x t r a c t  a cor- 

responding devia t ion  n 1 by i n s e r t i n g  -a€,, #,o~ n&, i n  

(34a). 
V 

The e f f e c t  of t he  uncer ta in ty  A X i n  t h e  assesshent  

o f  t he  sample th ickness .  x on In I may be solved 

i n s e r t i n g  A% COK d-(G-Rp)and solving f o r  



Appendix C 

The following four  a b s t r a c t s  a r e  of papers presented a t  t h e  S ix ty-  
e ighth  annual meeting of t h e  Texas Academy of Science,  December 1964. 

Linear and Monte Carlo Calculat ions of Stopping 
Power and Energy St raggle  

George W. Crawford 
Southern Methodist Universi ty  

Theore t ica l  and Experimental Studies  of energy absorp- 
t i o n  from protons i n  metals ,  p l a s t i c s  and b io log ica l  t i s s u e s  a r e  
being c a r r i e d  out over a range o f  proton energ ies  of i n t e r e s t  t o  
space explorat ion.  The t h e o r e t i c a l  study is being accomplished 
i n  th ree  d i s t i n c t  s t e p s  and i s  based on t h e  r e a l i z a t i o n  t h a t  when 
a charged p a r t i c l e  t r ave r ses  matter it encounters a mult i tude of 
e l a s t i c  and i n e l a s t i c  c o l l i s i o n  processes both with o r b i t a l  e lec-  
t r o n s  and nuc le i .  

The l i n e a r  t r anspor t  ca l cu la t ions  a r e  based on t h e  famil- 
i a r  Bethe-Block stopping power equation and include s h e l l  correc-  
t i o n s .  The Monte Carlo program considers  t h e  p a r t i c l e s  as moving 
about i n  non-l inear  pa ths  and loosing energy continuously.  
Monte Carlo nuc lear  i n t e rac t ion  program is  being wr i t t en .  

A 

Resul t s  of t he  ca l cu la t ions  a r e  presented. 

Preliminary Report. of t h e  Experinental  Determination 
of I e f fy  Zeffs and Aeff i n  the Bethe-Bloch 
Stopping Power Equation f o r  Four P l a s t i c s  

James R. Cumrnins, Jr. 
Southern Methodist Universi ty  

Data is reported from which t h e  stopping power of p las -  
t i c s  a t  36 MeV has been measured. 
been t o  he lp  e s t a b l i s h  a proper method of applying t h e  stopping 
power equation t o  p l a s t i c s .  I n  p a r t i c u l a r ,  t o  f i n d  a method of 
determining an e f f e c t i v e  mean ion iza t ion  p o t e n t i a l ,  an e f f e c t i v e  
atomic weight and an e f f e c t i v e  charge number f o r  each p l a s t i c .  
The p l a s t i c s  used i n  t h i s  study were Nylon (01, P l ex ig l a s ,  and high- 
and low-density polyethylene.) 

The p u r p c ~ s ~  aE th5e s t u d y  hrrc 
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Stopping Power Measurements of .AJ, Cu, and S i  
Using 3 6 . 1  MeV Protons 

Daniel C.  Nipper 
Southern Methodist Universi ty  

The experimental procedure f o r  measuring l i n e a r  t r ans -  
p o r t  stopping power is  described. Data obtained using A i ,  Cu, 
S i  and C f o i l s  inser ted  i n  a beam of 36.1MeV protons are presented. 
The A i  and Cu da ta  a r e  used a s  p a r t  of t h e  c a l i b r a t i o n  procedure 
i n  order  t o  measure the  mean ioniza t ion  p o t e n t i a l  of metals, plas- 
t i c s  and b io log ica l  t i s s u e s .  

The Preparat ion of Lithium-Drifted So l id  
S t a t e  Radiation Detectors 

Bobby Snow 
Southern Methodist Universi ty  

The theory and f ab r i ca t ion  techniques f o r  bu i ld ing  l i t h ium 
d r i f t e d  s o l i d  s t a t e  r ad ia t ion  de tec to r s  a r e  discussed. Var ia t ions  
from e x i s t i n g  techniques and  t h e i r  s ign i f i cance  on t h e  de t ec t ion  
c h a r a c t e r i s t i c s  and device noise  a r e  l i s t e d  and explained. 
t h e  proposed method of preparing a 1 c m  x 1.cm s e n s i t i v e  device 
i s  out l ined .  

Las t ly ,  

Experimental Cal ibra t ion  of Lithium Dr i f ted  S i l i c o n  Detectors  a s  
a Function of Proton Energy and Proton Path Length i n  the  Detector 

George W .  Crawford 
Southern Methodist University 

The charge pulse  c rea ted  i n  Lithium d r i f t e d  S i l i con  de tec to r s  has  
been measured a s  a funct ion of inc ident  energy of t h e  proton and 
i t s  path l eng th  i n  the  s e n s i t i v e  volume of tiit: &Lestoi., 7 % ~  
near ly  monoenergetic protons used were provided by t h e  r a d i a t i o n  
f a c i l i t i e s  ava i l ab le  a t  t he  University of  Texas (8-14 Mev), t h e  
Universi ty  o f  Southern Cal i forn ia  (18-30 Mev), Oak Ridge National 
Laborator ies  ( 3 6  Mev), and t h e  Universi ty  of  Minnesota (40 MeV) . 
The family of de t ec to r s  used in  t h e  study provided pa th  lengths  i n  
t h e  s e n s i t i v e  volume as s h o r t  as  100  microns and as long as 15 
cent imeters .  Measurements were made t o  an accuracy of 1%. Over 
t h e  energy range s tudied ,  the charge pulse  c rea ted  is d i r e c t l y  pro- 
p o r t i o n a l  t o  t h e  energy l o s t  by the proton. S i l i c o n  stopping power 
measurements were made using both de t ec to r s  and s i l i c o n  absorbers .  



. -3- 

lkingc-Cncrgy and stopping power t a b l e s  f o r  S i l i c o n  have been pre-  
pared  bascd on the  experimental data.  A Monte Carlo proton , 
program has been used t o  ca l cu la t e  t h e o r e t i c a l  values  f o r  compari- 
son with the  experimental values .  A mean ioniza t ion  p o t e n t i a l ,  I ,  
f o r  s i l i c o n  has been obtained which permits matching of t h e  c a l -  
cu la ted  mean energy loss, peak f u l l  width h a l f  maximum, and shape 
o f  t h e  peak with the measured value. 

The above a b s t r a c t  is accepted fo r  presenta t ion  a t  t h e  American 
Physical Society meeting, 2-4 September, 1965 ,  a t  Honolulu, H a w a i i .  
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ANNUAL MONTE CARLO PROTON TRANSPORT PROGRAM PROGRESS REPORT 

t o  

THE NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

for 

NsG 708 

A GRANT IN SUPPORT 

of 

BASIC RESEARCH IN SEMICONDUCTOR DETECTOR-DOSIMETER 

. .  

- .  
, '  ', , . 

CHARACTERISTICS, AS APPLIED TO THE 

OF WHOLE BODY DOSIMETRY 

from 

PROBLEMS 

SOUTHERN METHODIST UNIVERSITY 
Dallas, Texas 75222 

August, 1965 
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8 '  P q e  2 

I. a r o d u c  t i o n  

?he physical backgmund of the program has been given i n  ref. 4 ,  

and the symbols of that reference w i l l  be retained here. The 

present report describes the computer program which i s  writ ten i n  
CEC 3400 

TOBTRA~Y 11 language f o r  the computer. Information w i l l  

be given on input data preparation and on the in te rpre ta t ion  of 

the output. A sample problem w i l l  be provided. 

11. Composition o f  the promam (see f l o w  charts i n  fim. 1 and 2). 

Ii. a. l $ L n 2 s g r s  

30 inain program is label led PROTOS. Its purpose is to cal l  the 

various subroutines. 

11, b. &&-c-u&&eg 

.- Pi7AP'A. %-I- This subroutine reads the physical data, i.e. source energy 

(Eo), cut-off energy (En), atomic number of the slowing-down medium 

(C) etc. 

a l s o  read. 

dE 2 
p d x  i The tables  of (-) and straggling variance (As )i are 

Also the tRbles of data needed f o r  computing angular 

devFations are read by this subroutine, A table  of energy points 

equi-distributed i n  the l o m t h m  of the energy between source and 

cut-off energies is prepared. 

ere evaluated by Gaussian integration, &$vi= Values of Xc,i ' 

fir each energy s t ep  three integ'mle 
2 

2 and l o g  (x ) . which a r e  used to  produce the three tables  of (ei)$ a 1  
2 2 2 

V Sbc,i' 

pB pare do  

and Bi. A fourth table,  of (As )i = ( 8  )i - (di, is also 

...-I_ CD,ITA. u- 
Thia submutine rends data specifying the geometry of the 

;i~b3em under consideration and parameters governing the output. 

7:ha value of the maximum number of protona t o  be followed is also 



. direction, receiving information from subroutines .ANGLE and STATI. 

NGLE. Selects the polar deviation angles and cpmputes the quantity 

(w ) (mean square polar d d a t i o n  angle). 2 

- STATI. I n  th i s  subroutine it is checked whether the proton has jus t  

passed a geometrical boundary. If so, the appropriate s t a t i s t i c a l  

scoring is performed. 

- OUT. Prepares the output when the calculation is aompleted. 

RiNDOM, Gives uniformly dist r ibuted numbers. 

- RNORM. Gives normally dist r ibuted 'mbere. 

III. Description of input data 

Pi?OTOS 

A time limit TIJIgx i n  minutes is  read i n  format (F10.0). 

"MAX compares with the internal  clock of the computer. An in tegra l  

indicator  I, format (I!j), controls the reading of data. It is read 

between the actual data sets .  

1=1 calls P B U A  and returns t o  PROTOS f o r  a new f 

112 'I GDATA "- . ' 
K " n A Y  nnrl 1-3 11 GED It- UlLLU. ulu 1 

c 

Ifl,2,3 pr in ts  out WRONG INDICATOR1t and stops the computation. 

To demonstrate the use of the indicator we show the composition of 

the da ta  deck f o r  a run o f  three problems with two s e t s  of physical 

data and three sets of geometrical data 

m.Ax 

(I=) 1 

Read by 

PROTOS 

PROTOS 



data GDATA 

04 3 PROTOS (GEO) ( f i r s t  calculation) 

nux PROTOS 

(14 1 PROTOS 

data PDATA 

( 1 4 2  PRDTOS 

data GDATA 

(143 PROMS (CEO) (seoond calculation) 

Plums 

(I=) 2 PROTOS 

data GDATA 

(I=) 3 

0 = ) 4  PmTOS (termination) 

(The th i rd  pmblem w e 8  the same set  of PDATA '08 the second one). 

PDATA 

On the first card, a set of s ix  h t a ,  format (2F5.0, 315, F5.0), ie 

- ~ - - ~ ~ <ml~ 

.PRDMS (GEO) ( t h i rd  calculation) 

- 

punched, via. 

EO; Source energy i n  MeV. 

EO: D e n s i t y  i n  grams per CC. 

N: Number of arguments in the  table of etopping power jNsluOj 
\ 

M: Number of energy points i n  logarithmic slowing-dom scale  (m6c500). 

The number of energy s teps  ie M-1. 

HI: Number of arguments f o r  tab le  of range variance (NISlOO). 

ES: Cut-off energy i n  MeV. 

The second card contains three data, format (2F5.0, E10.3), via.  

2: Atonic nunber of sca t te r ing  atoms (or  charge number of  molecules). 

- - - I n  4 4-4- 4 )  



),I tnhe atomic  ( o r  molecular) weight. 

%e next cards contain a ser ies  of vectors, each vector  beginning 

on a new card. The format i s  (7FlO.O) throughout. 

EN: N arguments ( i n  MeV) f o r  stopping power table (ENi < ENi+,). 

DES: N values of the stopping power ( i n  grams per cc) given at the 

arguments EN and i n  the same order as EN. 

EE: N I  arguments ( i n  MeV) f o r  the range variance (mi < EEi+,). 

EPS: M: values of the variance i n  sqecm. EPS can be obtained by using: 

the quant i t ies  e in ref. 2, table  I, applying the re la t ion  
P 

which can be obtained f o r  example from ref.  3, table 11. 

GDATA 

The first card contains seven data, format (415, F5.0, 215). See 

figs, 3 and 4. 

-- 

iii: ifumber uf t r ~ ~ 6 t e r : 2 z  thicknesses (rod l e w t h e )  t o  be considered 
* 

i n  one problem ( N D S j 0 ) .  

XR: Number of c i r c l e s  o r  squares to be used t o  define the transversal 

d i s t r ibu t ion  of protons leaking throwh the end face (away from 

the entrance face),  (NW20). 

hT: k x .  number of pmton h i s to r i e s  t o  be analysed. Generally, the run 

is terminated a f t e r  a cer ta in  oomputing time; NT is then s e t  t o  be 

a la rge  number, s a y ,  50000. 
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9: 7kidius o f  source i n  cm. 

Xi: Conversion factor  from internal energy scale (determined by M) to 

output energy scale. This is discussed fur ther  below (chapt. V). 

I G :  Constant which determines whether the sca t te rer  is to  be bounded 

by a surface (parallel  to  the direotion of the entering protons) 

with c i rcu lar  o r  square cross-section. IG=O i n  the c i rcu lar  case 

and IG-1 i n  the square case. Lp 

The following 3 se t s  o f  vectors are  read i n  format (7FlO.O), each 

vector s t a r t i ng  on a new card. See figs. 3 and 4. 

XU: NR values of c i rc le  radii o r  half square sides (RUi < RIJi+l) f o r  
------------ ------ -------------- 

~ - - - ~ -  .- 

defini t ion of transversal distributions ( i n  cm) . Nax (RU]-deflne8 

the external surface. 

DU: XD values of scat terer  thickness (rod length) i n  cm. 

m T :  NTH values of COB f o r  definition of angular dis t r ibut ion 

histogram !EBTi THETi+,. "he last value m u s t  be equal to  1.0. 

Due to  storage restr ic t ions the following cr i te r ion  has t o  be 

fu l f i l l ed  i n  addition to those stated above: N D X  

IV. Description of output 

'I% sntgut a f . e ~ - t ~  bv " .  repmducing the physical data. The succeeding 

three columns, labelled El<, DS, and PRO contain 1) the XI energy value& 

f o r  the slowing down formalism (denoted Ei i n  ref,  1) , 2)  M correspond- 

(see ref .  1 ,  page 8). Then the remainder of the input data i s  reproduced. 

The Nonte Carlo results are given separately f o r  each sca t te re r  

thickness (rod length), inclicated by the z coordinate. 811 results are  

given i n  protons per MeV and a re  normalized t o  one source proton. This 



. by it3 stzzd8rd deviation as an indication of  the probable error. The 

text  ujnich is printed i n  the output i s  sufficient f o r  orientation. 

The last  s e t  of r e su l t s  is the energy dis t r ibut ion of protona le&% 

out through the l a t e r a l  s ides  of the  longest scat terer .  

V. A note on eneray scales 

The internal  energy scale i s  defined through the values of EO, ES, and 

M ,  given i n  the input. The resul t ing energy points will be EO, 

k*(ED), k2 *(EO),.. . . .  k 

and i s  obtained by the r e l a ~ ~ u P I - ~ n - k - P f - ~ ~ ~ ~ ~ _ : I M , ? Z  As discussed --- 

i n  ref .  I ,  the boundaries of the energy b ins ,  upon which we base t h e  

energy dis t r ibut ion h i s t o m ,  should coincide with points i n  the 

in te rna l  mesh. The input parametor KU determines the select ion of 

energy points i n  such a w a y  that  (M-1):KU energy bins,  equally spaced 

i n  the logari th  of energy, mill produce the histogram. If the 

quantity (M-l):XU is  not an integral  number the program w i l l  automatically 

adjust  the upper limit of the lowest energy bin with the e f fec t  t ha t  

all the energy bins except the lowest one w i l l  still have a uniform 

M- 1 (EO) = ES. k is the quantity used i n  ref. 1 - 

--------------- 
- - - - - - -  

---- - -  

logarithmic spacing with endpoints coinciding x i t h  the internal  scale. 

V I .  A t e s t  pmblem 

In Appendix I we reproduce the data sheets f o r  a t e s t  problem, i n  

which the s l o w i x  down of plbtons i n  s i l i con  from 187 MeV to 147 MeV 

i s  studied. The data a r e  composed i n  R way t o  provide m.a l lu s t r a t ive  

problem rather  than a sc ien t i f ica l ly  meaningful one. The output of a 

run of the t e s t  problem (6 minutes on the IBM 7090) is  a lso  shown . 

(nppenciix 11) . 

* 
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